abbreviations ADHD = attention deficit hyperactivity disorder; CI = confidence interval; ICD-10 = International Classification of Diseases, 10th Revision; IQR = interquartile range; LOC = loss of consciousness; NPC = near-point convergence; PCS = postconcussion syndrome; PCSS = Post-Concussion Symptom Scale; RR = risk ratio; SRC = sports-related concussion; VOD = vestibulo-ocular dysfunction; VOR = vestibulo-ocular reflex. obJective There were 2 objectives of this study. The first objective was to identify clinical variables associated with vestibulo-ocular dysfunction (VOD) detected at initial consultation among pediatric patients with acute sports-related concussion (SRC) and postconcussion syndrome (PCS). The second objective was to reexamine the prevalence of VOD in this clinical cohort and evaluate the effect of VOD on length of recovery and the development of PCS. MethoDs A retrospective review was conducted for all patients with acute SRC and PCS who were evaluated at a pediatric multidisciplinary concussion program from September 2013 to May 2015. Acute SRS was defined as presenting < 30 days postinjury, and PCS was defined according to the International Classification of Diseases, 10th Revision criteria and included being symptomatic 30 days or longer postinjury. The initial assessment included clinical history and physical examination performed by 1 neurosurgeon. Patients were assessed for VOD, defined as the presence of more than 1 subjective vestibular and oculomotor complaint (dizziness, diplopia, blurred vision, etc.) and more than 1 objective physical examination finding (abnormal near point of convergence, smooth pursuits, saccades, or vestibulo-ocular reflex testing). Poisson regression analysis was used to identify factors that increased the risk of VOD at initial presentation and the development of PCS. resUlts Three hundred ninety-nine children, including 306 patients with acute SRC and 93 with PCS, were included. Of these patients, 30.1% of those with acute SRC (65.0% male, mean age 13.9 years) and 43.0% of those with PCS (41.9% male, mean age 15.4 years) met the criteria for VOD at initial consultation. Independent predictors of VOD at initial consultation included female sex, preinjury history of depression, posttraumatic amnesia, and presence of dizziness, blurred vision, or difficulty focusing at the time of injury. Independent predictors of PCS among patients with acute SRC included the presence of VOD at initial consultation, preinjury history of depression, and posttraumatic amnesia at the time of injury. conclUsions This study identified important potential risk factors for the development of VOD following pediatric SRC. These results provide confirmatory evidence that VOD at initial consultation is associated with prolonged recovery and is an independent predictor for the development of PCS. Future studies examining clinical prediction rules in pediatric concussion should include VOD. Additional research is needed to elucidate the natural history of VOD following SRC and establish evidence-based indications for targeted vestibular rehabilitation.
S portS-related concussion (SRC) results from the transmission of abnormal biomechanical forces to the brain leading to temporary alterations in neurological functioning. Most adult athletes achieve full neurological recovery in 1-2 weeks, 20, 24 but the natural history of pediatric concussion remains poorly understood.
Despite adequate physical and cognitive rest, a significant proportion of pediatric SRC patients can exhibit persistent symptoms leading to prolonged recovery or a diagnosis of postconcussion syndrome (PCS). 2, 8, 11, 16, 40 Previous studies have identified important clinical variables associated with an elevated risk of prolonged recovery and PCS de-velopment following SRC. 8, 18, 21, 26, 27, 29, 35 While early identification of these risk factors may be important to help provide anticipatory guidance for patients and parents regarding expected length of recovery, 26, 27, 41 understanding the relationship between these clinical variables and the pathophysiology of SRC may provide insight into how these variables contribute to the development of PCS.
In a previous study, we demonstrated that 29% of pediatric patients with acute SRC and 63% of those with PCS referred to a multidisciplinary pediatric concussion program demonstrated subjective and objective evidence of vestibulo-ocular dysfunction (VOD) at initial consultation. 12 Patients with VOD took twice as long to achieve clinical recovery compared with those without VOD and were 4 times more likely to develop PCS, even after we controlled for the confounding effects of other variables identified in the literature. Although these findings provide insight into one of the pathophysiological mechanisms mediating PCS and help identify those patients who may benefit from targeted rehabilitative strategies, this study did not examine the clinical predictors of VOD among this unique population.
Accordingly, the primary objective of this study was to examine the clinical variables associated with the presence of VOD at initial presentation among patients referred to a multidisciplinary pediatric concussion program. The secondary objectives were to reevaluate the prevalence of VOD among this clinical cohort and examine the effect of VOD on length of recovery and the development of PCS.
Methods research Design and Participants
We performed a retrospective chart review of all consecutive pediatric patients with an SRC referred to the Pan Am Concussion Program at Pan Am Clinic, Winnipeg, Manitoba, Canada, from September 1, 2013, to May 25, 2015 . The Pan Am Concussion Program is a multidisciplinary concussion program that accepts referrals for children (19 years old or younger) with acute sports-and non-sports-related concussions and PCS from Manitoba, Northwestern Ontario, and Saskatchewan. Study inclusion criteria included 1) age 19 or younger, and 2) diagnosis of acute SRC or 3) diagnosis of PCS following SRC. All sports were included; exclusion criteria were 1) the presence of traumatic abnormalities on neuroimaging or traumatic structural cervical spine injury; 2) diagnosis of a second concussion during follow-up for a previous symptomatic concussion; or 3) diagnosis of coexistent or previously diagnosed neuroophthalmological conditions (such as strabismus or cranial neuropathy). If an athlete suffered a concussion, recovered, and returned to play and then suffered a second concussion, only the first concussion was included in the analysis. This retrospective study was approved by the institutional ethics review board at the University of Manitoba. Some patients (n = 151) were included in a previously reported study. 12 
Definitions
Sports-related concussion was defined according to the International Consensus on Concussion in Sport as an injury caused by transmission of biomechanical forces to the brain leading to clinical symptoms affecting multiple domains of physical, cognitive, sleep, and neurobehavioral functioning. 24 To compare findings to those of our previous study, 12 we defined acute SRC as a clinical consultation on a patient evaluated less than 30 days from the time of injury. Previous authors have pointed out the lack of consensus regarding a universal definition of PCS.
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In this study, patients were diagnosed with PCS by the neurosurgeon if they endorsed 3 or more postconcussion symptoms identified by the International Classification of Diseases, 10th Revision (ICD-10) definition 6 and remained symptomatic at 1 month (30 days) postinjury or longer.
At the time of this study, the authors were aware of only 1 standardized definition of VOD. In accordance with our previous study, 13 we defined VOD as those patients with more than 1 subjective complaint of intermittent blurred or double vision; visual disturbance; difficulty concentrating, focusing, or reading; dizziness; or motion sensitivity, and the presence of more than 1 of the following objective physical examination findings: abnormal near-point convergence (NPC), abnormal extraocular movements or smooth pursuits, or abnormal or symptomatic assessment of horizontal saccades, vertical saccades, or vestibulo-ocular reflexes (VORs). 12 The presence of VOD was assessed at initial consultation for all patients with acute SRC and PCS. In general, patients were classified as fully recovered when they were asymptomatic at rest according to clinical interview and the Post-Concussion Symptom Scale (PCSS), were asymptomatic during full-time school activities, completed the International Consensus on Concussion in Sport graduated return-to-play protocol, 24 and did not meet the clinical criteria for VOD. In cases in which patients harbored preexisting conditions such as migraine headaches, depression, and other preinjury conditions associated with concussion symptoms, patients were classified as fully recovered when they felt they had returned to their neurological baseline, were tolerating full-time school without symptom exacerbation, and had completed the graduated return-to-play guidelines without symptom exacerbation. In some cases, graded aerobic treadmill testing and neuropsychological testing were used to confirm recovery in these patients at the discretion of the treatment team. To assess the effect of clinical variables on the development of PCS, acute SRC patients were dichotomized into 2 groups: 1) those patients who developed PCS during follow-up, and 2) those who did not develop PCS during follow-up.
clinical assessments and Management
At the time of initial medical consultation all patients completed a standardized data collection form that included demographic data, past medical and concussion history, family history, and information regarding the symptoms experienced at the time of injury and whether the patient sustained a loss of consciousness (LOC) or experienced posttraumatic amnesia at the time of injury. At initial consultation, all patients completed the PCSS, a self-reported symptom inventory that includes 22 symp-toms rated on a 7-point (0-6) Likert scale with a maximum score of 132.
All patients underwent a clinical history and physical examination by a single neurosurgeon. The physical examination included a standardized, focused vestibulo-ocular examination that evaluated gross extraocular movements and smooth pursuits, NPC, horizontal and vertical saccades, and VOR using previously described techniques. 12 Specifically, ocular smooth pursuits were assessed by having the patient follow a slowly moving object through all quadrants of his or her visual field. An abnormal test was indicated by the inability to follow the object without saccadic eye movements. NPC was tested by having the patient fixate on a target that was moved approximately 1-2 cm per second toward the patient's eyes in the midline. An abnormal test was defined as the development of diplopia or inability of the eyes to maintain fusion at a distance greater than 6 cm from the bridge of the patient's nose. Horizontal and vertical saccades were tested by having the patient look quickly back and forth between 2 targets positioned 30° from midline in the horizontal and vertical planes, respectively. An abnormal test was defined by the presence of overshooting or more than 2 saccadic corrections during testing. Testing of horizontal saccades and vertical saccades were classified as normal or abnormal, based on examination findings and symptomatic (defined as eliciting or worsening vestibular and oculomotor symptoms) or asymptomatic (defined as eliciting no symptoms). VOR testing was also completed using a modified head-shaking test, whereby the patient was asked to fixate on an object 0.5-1 meter from the bridge of the nose and rapidly, but comfortably, shake their head back and forth 30° from midline for 5-10 seconds. An abnormal test was defined as eliciting or worsening of vestibular and oculomotor symptoms. The head thrust test was also used to evaluate VOR functioning in select patients. However, because it was not performed in all patients in this cohort, test results were not incorporated into the clinical definition of VOD. The focused vestibulo-ocular examination techniques used here are commonly used among neuroophthalmologists, 37 and an international working group of concussion experts and vestibular therapists rated most of these techniques as demonstrating strong clinical utility for confirming CNS vestibular and oculomotor dysfunction in patients with concussion. 32 Referrals for vestibular physiotherapy were conducted for patients as indicated by the neurosurgeon. In general, patients with acute SRC who demonstrated clinical evidence of VOD that persisted at 2-4 weeks postinjury, and patients with PCS who demonstrated VOD at initial assessment, were considered for referral to the vestibular physiotherapist.
statistical analysis
Baseline characteristics for all patients were summarized using proportions for dichotomous/polytomous characteristics and means with standard deviations for continuous characteristics. If a continuous variable was not normally distributed, it was summarized as a median with an interquartile range (IQR). The Student t-test was used to compare means between groups, and Pearson's chi-square and Fisher's exact tests were used for comparisons of categorical variables where appropriate. Backward elimination Poisson regression analysis was used to identify factors that increased or decreased the risk (with 95% confidence intervals [CIs]) of developing VOD. 25 Variables were included if they were statistically significant in the univariate analysis. In the multivariate model, variables that were not significant risk factors were assessed as confounders. If none of the risk ratios (RRs) of the significant risk factors changed by less than 15%, the variable was not considered to confound the association between risk factors and outcome. 28 Poisson regression was also used to identify significant predictors of PCS among those who presented with an acute SRC. Clinical predictors of PCS that were previously identified in the literature and included in the analysis were: age, sex, preinjury history of attention deficit hyperactivity disorder (ADHD), history of learning disorder, history of depression, history of headaches or migraine headaches, history of previous concussion, LOC, posttraumatic amnesia, and VOD. Although initial PCSS score has been identified as a predictor of prolonged recovery in previous studies, we chose not to include this variable in the multivariate model for two important reasons: 1) baseline PCSS scores were not available for patients included in this study so it was impossible to evaluate the independent effect of injury on initial PCSS score, apart from other baseline conditions that can elevate these scores in adolescents (preinjury depression, migraine, etc.); 17 and 2) we hypothesized that patients with acute SRC with VOD and those with a preinjury history of migraine and depression would report higher initial PCSS scores, and that a strong association between the presence of these factors and initial PCSS would not permit accurate assessment of the independent effect of these clinical variables on length of recovery and the development of PCS. Statistical significance was set at p < 0.05. Therapeutic interventions such as vestibular physiotherapy were tabulated. All statistical analyses were performed using Stata (version 12.1, Stata Corp.).
results

Participants and Prevalence of voD
During the study period, 399 patients met the inclusion criteria for the study including 306 (76.7%) with acute SRC and 93 (23.3%) with PCS (Table 1) . Of the 306 patients with acute SRC (65.0% male, mean age 13.9 ± 2.3 years old), 92 (30.1%) met the criteria for VOD. For patients with acute SRC, the median time from injury to initial consultation was 7 days (IQR 5-12 days). Of the 93 patients who presented with PCS (41.9% male, mean age 15.4 ± 2.0 years), 40 (43.0%) met the criteria for VOD. For patients with PCS the median time from injury to initial consultation was 86 days (IQR 41-150 days). For all patients included in the study, hockey (n = 171) and soccer (n = 58) were the most commonly played sports at the time of injury. Additional characteristics of the study cohort are shown in Table 1 .
clinical Predictors of voD
Univariate analysis revealed several clinical variables that were associated with VOD among all study patients ( 
clinical Predictors of Pcs
Among the patients with acute SRC, 122 (40.1%) developed PCS. The median length of recovery among patients with acute SRC and VOD was 40 days (IQR 24-70 days) compared with 20 days (IQR 12-28 days) among those without VOD (p < 0.0001). Table 3 describes the baseline characteristics of those who presented with an acute SRC and subsequently developed or did not develop PCS. Univariate analysis revealed several variables that were significantly associated with the development of PCS among patients with acute SRC (Table 4) . On multivariate analysis, VOD (RR 2.61, 95% CI 2.00-3.41), posttraumatic amnesia (RR 1.41, 95% CI 1.10-1.80), and preinjury history of depression (RR 1.50, 95% CI 1.09-2.05) were found to be independent predictors of PCS. Age, sex, previous diagnosis of ADHD, previous concussions, LOC, or previous diagnosis of learning disorders did not confound any of the observed associations. Sex was not significantly associated with past depression (RR 4.64, 95% CI 0.75-28.59) among those with acute SRC. Although there was more power to detect a significant association with sex and PCS than past depression and PCS, sex was never a significant predictor of PCS when sex replaced past depression in the modeling process. Sex did not confound the final model that included past depression, as the estimate changed by less than 10% (8.5%).
interventions and outcomes
Overall, 132 patients (33.1%) met the clinical criteria for VOD in this study and 56 underwent vestibular physiotherapy (22 patients with acute SRC and 34 with PSC). Of the 22 patients with acute SRC who were referred for vestibular physiotherapy, 11 initiated treatment after meeting the criteria for PCS and 11 initiated before meeting the criteria for PCS. Among the 306 patients with acute SRC, 31 were lost to follow-up prior to medical clearance and 251 received medical clearance within the study period (median 22 days, IQR 15-35 days) while 24 patients remained under the medical care of the treat- 
Discussion
To our knowledge, this is the first study to identify clinical risk factors of VOD at initial consultation among pediatric patients with SRC. Patients with acute SRC who were female, had a preinjury history of depression, or who experienced posttraumatic amnesia, dizziness, blurred vision, and difficulty focusing at the time of injury were significantly more likely to demonstrate clinical evidence of VOD at initial consultation. Previous work has demonstrated that athletes who experience dizziness at the time of injury are at an elevated risk of protracted recovery following SRC. 19 The association between female sex and preinjury history of depression with the finding of VOD at initial consultation in this study is difficult to account for. Previous studies have suggested that females are at a higher risk of concussion and are at an elevated risk of prolonged recovery following concussion as compared with their male counterparts. 9, 10 One of the mechanisms thought to account for sex differences in concussion is the strength of the cervical spine musculature and its effect on buffering biomechanical forces that are applied to the head and neck at the time of injury. 36 Although neck strength was not formally assessed in this study, it is possible that weaker cervical spine musculature among females leads to the transmission of greater biomechanical forces to the brain and neural substrates of vestibular and oculomotor function, thereby increasing the risk of VOD. In general, females have been found to report more symptoms after concussion than males, 3, 7 which may have made them more likely to report subjective symptoms of VOD or endorse symptom provocation during objective vestibulo-ocular examination in this study. The relationship between VOD and injury severity is supported by the finding that posttraumatic amnesia, a marker of injury severity, was also associated with the presence of VOD. As well, patients with VOD endorsed a higher number of symptoms than those without VOD, which may also have indicated more severe injuries. Indeed, patients with acute SRC and VOD were found to have a median initial PCSS score of 32 compared with a score of 5 for patients without VOD. Previous studies have suggested that depression and other mood disorders are also associated with objective abnormalities in saccades, smooth pursuits, and visual processing. 5, 33, 38 Therefore, future studies are needed to evaluate whether baseline characteristics of vestibulo-ocular function among females and those with depression place these populations at an elevated risk of developing VOD following SRC. The results of this study are consistent with our previous study 12 and provide confirmatory evidence that VOD is commonly detected among pediatric patients with acute SRC and PCS and is associated with prolonged recovery and an elevated risk of developing PCS. Overall, VOD was detected at initial consultation in 30% of patients with acute SRC and 43% of patients with PCS. The median length of recovery among patients with acute SRC and VOD was 40 days compared with 20 days among patients without VOD. On multivariate analysis, the presence of VOD at initial consultation, a preinjury history of depression, and posttraumatic amnesia were found to be independent predictors of developing PCS following acute SRC. These results are in agreement with other studies that have demonstrated alterations in accommodation, convergence, and saccades following concussion 22, 30, 31 and 1 study that found that abnormal convergence was associated with prolonged recovery following pediatric concussion. 8 Previous studies have also suggested that a preinjury mood disorder 8, 29 and posttraumatic amnesia 23 are independent predictors of longer recovery following SRC.
Although the focused vestibulo-ocular physical examination used in this study may help identify concussion patients who are at risk for PCS, the use of these tools in isolation by healthcare professionals without training in traumatic brain injury may permit other serious causes of visual disturbance to go undiagnosed among these patients. This is exemplified by the accumulating number of reported cases of patients who presented with visual and oculomotor disturbance following minor head injury and SRC that were found to be caused by coexisting traumatic cranial neuropathy, 14, 15 demyelinating disease, 13 paraneoplastic syndrome, 39 and retinal detachment. 4 Accordingly, the authors suggest that these vestibulo-ocular tests only be used to supplement a full neurological examination and only be performed by clinicians who are trained to recognize the full spectrum of neuroophthalmological conditions that can accompany traumatic brain injury.
In recent years, vestibular physiotherapy has emerged as a promising therapeutic intervention to help target the pathophysiological mechanisms governing VOD after concussion.
1, 34 In this study, 42% of patients with SRC and VOD detected at initial consultation were treated with targeted vestibular rehabilitation. Based on the retrospective nature of this study and the absence of a control group, no conclusions can be made regarding the therapeutic benefit of vestibular therapy in this clinical population. Consequently, future prospective studies remain needed to determine appropriate clinical indications for targeted vestibular physiotherapy and assess the effect of treatment in these patients.
The results of this study must be interpreted in light of several limitations. First, this study included children and adolescents referred to a tertiary multidisciplinary concussion program that may have selected for patients with more severe injuries and those who were more likely to develop PCS. Second, although patients with acute SRC were evaluated 7 days postinjury (on average), this study did include patients with varying levels of acuity. Therefore, the study findings are applicable to patients who are often evaluated days after injury at tertiary concussion clinics but may not be generalizable to more acute patients evaluated on the sidelines or in the emergency department setting. Third, although the definitions used to classify different components of the focused vestibulo-ocular examination in this study have been described previously in the literature, it is likely that developmental changes in ocular alignment, and oculomotor and vestibular functioning, continue throughout childhood and adolescence. As such, some of the observed findings on physical examination may have been classified as abnormal by these definitions but may have indeed been normal for that individual and not independently responsible for the patient's subjective vestibulo-ocular symptoms. Some of the vestibulo-ocular symptoms (such as dizziness) may have been attributable to the effects of a global metabolic brain injury or coexisting cervical spine soft-tissue injury and not isolated dysfunction within the vestibulo-ocular system. These subtleties underscore the need for incorporation of validated objective oculomotor and vestibular outcome measures in future studies and have important implications for confirming the diagnosis of selected neuroophthalmological conditions (i.e., convergence insufficiency) as well as developing evidence-based indications for targeted rehabilitative strategies. Fourth, a significant proportion of patients with VOD in this study did undergo vestibular physiotherapy, which may have ameliorated some of the effects of VOD on PCS development and recovery time among those patients. Lastly, the neurosurgeon was not blinded to the patient's presenting symptoms, but the same clinical assessment and physical examination was performed on all patients regardless of symptoms.
conclusions
This study is the first to demonstrate that female sex, preinjury history of depression, or posttraumatic amnesia, dizziness, blurred vision, and difficulty focusing at the time of injury are independent risk factors for the development of VOD among pediatric patients with SRC. Patients with VOD take twice as long to recover following acute SRC compared with those without VOD. Finally, the presence of VOD at initial consultation, a preinjury history of depression, and posttraumatic amnesia at the time of injury are independent risk factors for the development of PCS following pediatric SRC. Future studies examining clinical decision-making rules to predict recovery following concussion should include the role of VOD. A prospective study to evaluate the natural history of VOD following pediatric SRC and establish evidence-based clinical indications for targeted vestibular physiotherapy will be undertaken at the authors' institution. 
